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ABSTRACT 

A study was made o£ the wet air oxidation of eight Ontario 
sludges containing phosphorus. Some of these sludges were obtained from 
primary or secondary clarifiers in which lime, ferric chloride, or alum 
had been used to precipitate phosphorus* Sludges were oxidized at tempera- 
tures up to 550 F (288 C) in a rocking autoclave, while total carbon and 
total organic carbon values were measured in samples withdrawn during 
oxidation. Selected total phosphorus and orthophosphorus analyses were made 
on both chemical and non-chemical sludges. Oxidation of the sludges was 
readily obtained. Wet air oxidation of chemical sludges appeared to reverse, 
to a limited extent, the stabilization of phosphorus achieved by prior 
chemical treatment* For non- chemical sludges, however, this was not 
always the case. 

Further studies are recommended to explore the kinetics of wet 
air oxidation of chemical and non-chemical sludges. 



RESUME 

On a fait une etude de I'oxydation dans la phase aqueuse (wet 
air oxidation) de huit boues Ontariennes contenant du phosphore. Quelques 
unes de ces boues etaient obtenues a partir des bassins de sedi- 
mentation primaires et secondaires ou on avait precipite le phosphore a 
I'aide de 1^ addition de la chaux, du chlorure de fer, ou de l^alun. On a 
oxyde les boues en utilisant des temperatures jusqu'a 550 F (288 C) dans 
un autoclave bergant, tandis que les valeurs du charbon total et du 
charbon organique total ont ete mesurees a partir des echantillons retires 
durant l^oxydation. Certaines analyses du phosphore total et du ortho- 
phosphore ont ete faites avec les boues soient chimiques ou soient non- 
chimiques. L'oxydation des boues s^est produite facilement. L^oxydation 
dans la phase aqueuse des boues chimique semble avoir renverse, dans une 
certaine mesure, la stabilisation du phosphore realisee an prealable par un 
traitement chimique. Cela n'etait cependant pas tou jours le cas pour les 
boues non- chimiques. 

D'autres etudes sont recommandees pour explorer la cinetique 
de l^oxydation dans la phase aqueuse des boues soient chimiques ou soient 
non- chimiques. 
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CONCLUSIONS 

1. For most sludges at 500 F, a reduction of at least 50% of the TOC 
was produced by 3 hours exposure to wet air oxidation. However, high 
batch-to-batch variability was observed in wet air oxidation replicate 
runs, 

2. Mass transfer limitations appeared to be present except in the case 
of the activated sludges. This limitation could probably be over- 
come in plant- scale wet oxidation units by means of adequate agita- 
tion, 

3. The presence of cations from chemical stabilization of phosphorus 
appears to catalyze wet air oxidation, 

4. Wet air oxidation of chemical sludges appeared to reverse, to a limited 
extent, the stabilization of phosphorus achieved by prior chemical 
treatment. About a tenfold increase in orthophosphorus in the filtrate 
was observed. 

5. Wet air oxidation of non- chemical sludges shows contradictory 
evidence of increased and reduced stabilization. Further studies of 
this are needed. 

6. Sludges containing high levels of chemicals may give rise to 
carbonate formation during sludge oxidation. With lime sludges, the 
carbonate is stable at 500^F. This sludge could cause a fouling 
problem in full-scale plants. 

7. Recovery of a high yield phosphorus in the form of a residual ash 
from wet oxidation appears possible. 
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RECOMMENDATIONS 

1;.^ The work reported herein is exploratory. Before any economic 
evaluation of the process Is possible further experiments are 
recommended to establish the kinetics of wet air oxidation more 
fully. 

i^ Detailed study of the behaviour of phosphorus during wet oxidation 
is necessary to provide knowledge of the reasons for changes in 
solubility during the process* 

3, The appearance of a catalytic effect of chemical additives on wet 
air oxidation is intriguing and suggests economic improvement over 
conventional wet air oxidation processes. 
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I. INTRODUCTION 

The ZiimnennaTm process, also called Wet Air Oxidation (WAO) or 
just "wet oxidation'' has been known for over twenty years as a technique 
for waste disposal. Other processes used previously were the Porteus 
process fEngland) for sludge conditioning, and the Testrup process (Sweden), 
an attempt at applying a form of wet oxidation to low grade peats so 
that they could be used as heating fuels. Both of these processes failed 
because of unfavourable economics. The Zimmermann process has not found 
wide appeal because of its high capital cost3. About 70 plants of 
various designs are now operating. 

The economics of waste treatment are changing, however, and 
waste disposal costs are increasing, particularly in densely populated 
areas. As legislation is passed to prohibit the disposal of organic 
wastes in deep wells, lagoons, on land, and in the ocean, the WAO process 
will undoubtedly become more attractive. 

In Canada, the WAO process might be exploited to advantage in 
cold regions where natural biodegradatipn is not sufficiently rapid to 
keep pace with waste accumulation. 

In this report, we describe the application of wet air oxidation 
to several Ontario municipal sewage sludges. The sewage, as such, had 
prior chemical treatment for the purpose of reducing the soluble phosphorus 
content. Experiments are described which were carried out in a laboratory 
autoclave designed for the purpose. The fate of the sludges during 
reaction is described, as is the fate of the phpsphprus contained in the 
sludges. 

1. 1 Objectives 

The objectives of this contract were to evaluate on a laboratory 
scale the Wet Air Oxidation (WAO) or Zimmermann Process for the destructive 
oxidation of mixed chemical-biological sludges produced by chemical pre- 
cipitation of nutrients and other components in several conventional 
municipal waste treatment plants in Ontario. The fate of phosphorus 
during oxidation was to be investigated to assess its stabilization 
in the sludges. 



1.2 Scope of this Report 

This report includes a literature survey of wet air oxidation 
material with specific reference to the project objectives. The design 
and operation of the rocking bomb oxidation autoclave are described, 
as well as tests of its performance. Information is given on the sources 
and types of sludges used in this study. The results of the study are 
described, including: the percentage destruction of organic matter 
achieved in different time periods for the various sludges at different 
temperatures; the percentage of phosphorus which becomes resoluble after 
treatment with the wet air oxidation process, for various sludges, and; 
the composition of the final solid residue and liquid. 



1^ LITERATURE SURVEY 

2 \ 1 Objectives oF Survey 

First among the multiple objectives of the literature survey was 
to determine if chemical sludges had been oxidized in the WAO system, 
and if so, what results were obtained. If chemical sludges had not 
been studied in the laboratory, results obtained with other sludges 
would have been useful in selecting the oxidation conditions (temperature, 
oxygen partial pressure, sludge concentration and holding time) for 
chemical sludge studies. Our review of the laboratory and fundamental 
research on the WAO system was intended to provide insight into the oxidation 
mechanism and kinetics for this system, which should prove useful both for 
the design of experiments and interpretation of experimental results. 

2-2 Wet Air Oxidation of Chemical Sludges 

No references were found dealing with the application of the WAO 
process to chemical sludges. Pradt (1972), in a review of recent develop* 
ments, refers to the fact that WAO is used to recover chromium from sludges 
in glue manufacture* No further details or references are given. Conse- 
quently, the design of experiments was based on conditions and results 
for conventional primary and secondary sludges and/or pure substances. 

2, 3 Review of Sludge Destruction Literature 

Literature now available falls into 3 classes: a) descriptions 
of operating conditions and performance of existing pilot and full-scale 
WAO plants; b) investigations of the effect of operating conditions and 
sludges used on waste reduction and the composition of the effluent, and 
c) research studies of the mechanism and kinetics of the WAO system. Studies 
under c) will be discussed in the next section. 

Tables 1 and 2 list data for WAO plants taken from the lit era- 
ture. The list in these Tables is necessarily incomplete; Zimpro* has 
continued to construct WAO units in the last few years. Pradt (1972), of 
the Zimpro firm, states that more than 70 WAO installations exist across 
the world. The data in Tables 1 and 2 represent the most ajscessible data 
at present . 

* Zimpro Division, Sterling Drug. Co., Rothschild, Wisconsin, holds the 
WAO patents and seems to be the only organization designing and building 
WAO plants. 



TABLE 1 - PEllFOiUlANCE AND OPERATING CONDITIONS FOR FULL SCALE WET AIR OXIDATION PLANTS [Teletzke (1964)] 
Plant Description Typical Performance 



Initial 
Operation Sludge 



Solids 

Through COD Insoluble Pressure 

Put Reduc- Organic Ib./sq.in, 



Max. 



Power 



Location 

West- 
Southwest 
Plant, 
Chicago 
Metropolitan ^'^ 



Characteristics 

4 oxidation units 
1-12,500 kw 
power recovery 
turbogenerator 
Air Compressors 



Date 



December 
1961 



Characteristics Ton /Day tLonj7o Removal,! gauge 



Temp. Require- 
^^F ments 



Sanitary District (1 per unit) 
360 lb /min 

2250 hp 



Raw primary- 
activated 
37. solids 
35X ash 
40 g /I COD 



Wheeling 
W. Va, 


1 oxidation unit 
Air compressor 
37.5 lb /rain 
225 hp 


August 
1961 


Raw primary 

7 . 57o solids 

457. ash 

70 g /I COD 


Wausau 
Wise, 




1 oxidation unit 
Air Compressor 
23.4 lb /min 
150 hp 


October 
1960 


Raw primary 
4.47o solids 
30% ash 
52 g /I COD 

Primary 
digested 

8.57o solids 

567o ash 

62 g /I COD 


South 
Milwaukee 

Wise . 


1 oxidation unit 
Air compressor 
3.0 lb /min 
40 hp 


October 
1961 


Primary raw 
&L digested 
7.77o solids 
467. ash 
60 g /I COD 


Blind 
Plant 
Rye, N 


Brook 


1 oxidation unit 
Air compressor 
7.0 lb /min 
40 hp 


April 
1963 


Raw primary 
5. 67o solids 
307. ash 
60 g /I COD 



55 75 

ton/day/ 

unit 



5,7 



n 



IS 



2, 1 



46 



1.^ 



65 



90 



1,750 



525 



90 



1,140 



97 



92 



1.650 



1,650 



70 



485 



90+ 



700 



Total: 2000 
kw /Uait 
Net: (with 4 
units on line) 
and power re- 
covery 5600 
kw /unit 



500 Total: 200 kw 



530 Total: 160 kw 



435 Total: 160 kw 



432 Total: 37.5 kw 



460 Total: 3 7.5 kw 



Continuation of Table 1 - footnotes 

Plants handling pulp wastes are: 

1) Hanimermill Paper Co., Erie, Pa. (40 tons/day) 

2) Aktieselskapet Borregaard Pulp Mill, Sarpsborg, Norway 
(500 tons/day of waste sulfite liquor) 

^ Plant has operated on raw primary, digested primary + activated and 

concentrated raw activated sludge with COD reduction of 837o a COD of 

10 mg /I , a volatile acid content of 6*9 mg /I and a pH of 4.8, 
Hurwitz et al. (1965). 
** Sludge contains 65% volatile solids, temperature range 420 to 460°F, 

pressure was 750 psi, obtained 54 to 94% reduction in sludge organic 

matter, oxidized sludge contained 18% organic matter, Harding and 

Griffin (1965). 



TABLE 2 - PERFORMANCE AND OPERATING COMDITIONS FOR PILOT SCALE WET AIR OXIDATION PLANTS 



Plant 



Operating 

Cond it ions 



2 ton/day pilot - West 
South West Treatment 
Plant, Sanitary District 
ot Greater Chicago (1958) 



490-320 F 
1200-1220 psi 
(total) 

80-120 psi 
oxygen partial 
pressure 



Sludge 



Performance 

% Liquid /Gas 

Degradation Phase Composition 



Comments 



Reference 



Combined primary 
and secondary, 
thickened to 4 
to 67o volatile 

suspended solids) 



64-68X on Exhaust gas; 

total solids, 0.47o IL 

88-90% on 

volatile 

suspended solids, 82.87. N^ 

78-807o on COD 



^2' 
2% O2, 13.97. CO2, 



Paper reports 
costs of $10 
to $12 /Ton of 
s 1 ud ge sol id s 



Anon. (I960); 
Zimmermann 
(1958), (1961) 
Hurwitz h 
Dundas (1959) 
Bogan (1959). 



PILOT (Capacity not 
given) Salvo Chemical Co* 
Rothschild, Wisconsin 
(1958) 



493-540 F 
1500-1800 psi 
(total) 

110-230 psi 
oxygen partial 
assuming air 

200 to 300°C 
800 to 3000 
psi 



presumably 
industrial 

sludge, 3*1 
3.67o solids 



spent sulfite 
liquor 



details not 
given 



47-80% on 
total solids, 
86-95% on 

volatile 

suspended solids, 
73-86% on COD 



'1007o conversion acetic acid; 



at 300^0 



sulfates and 
carbonates of 
Na, 

Mg. 



NH, , Ca, 

4 



Zimmermann 
(1961) 



Zimmermann 6t 
Dlddams(1960) 



SHIPBOARD UNIT 
(batch unit) 



300-400 F 
150-3000 psi 



ships sewage 
and garbage 



max imum 
claimed 



steam produced Burkett (1971) 
may be condensed 
to potable 
water 



System 



TABLE 3 



Operating 
Conditions 



SUMMARY OF LABORATORY AND MODELLING STUDIES OF WET AIR OXIDATION 

Performance 



Reactant 



Liquid/Gas 
% Reaction Phase Composition 



Glucose in water 2I0*^C-220°C 
50 X 10^ 

N/m2 



2 X 10 

molar glucose 



up to 70% 



Comments 



Found reaction to be 
diffusion controlled. 



Reference 



Ploos van 
Amstel (1970) 



Several water 
soluble organic 
compounds 



25°C-250^C 
1000-2000 psi 



Rates first order in 
elemental oxygen and 
first order in organic 
compound* Oxidations 
deemed non-radical 
reactions involving 
direct bimolecular 
attack of 0^ molecule 
on organic compound. 



Weygandt 
(1968) 



^ Mathematical 
Model for Wet 
Air Oxidation 
of Sludges 



Takamatsu, 
Hashimoto, 
and Sioya 
(1971) 



Sludge 



300-400 F 
(to lOOO^F) 
150-3000 psi 



100% 
expected 



Lab scale feasibility 
study of continuous 
waste processing at temp, 
and pressures for ship- 
board installation. 



Burkett (1971) 



Propionic 
acid 



450*^F-550^F 0,1-0.2 molar 
1000-1800 psi propionic 
partial 
pressure of 
oxygen. 
250-750 psia 



50%, but 50% of propionic 

could have acid went to acetic no surface catalyzed 

gone to acid via acetaldelyde; reaction; no vapour 

completion 50% went directly to phase reaction. Power 



No mass transfer control; Day (1971); 

Day, Hud gins, 



CO. 



r 



H^O. 



law rate model found 
with rate varying as 

^1-4 0.4 

propionic ^o^ 



Silveston 
(1972) 



. /cont'd - 



TABLE 3 - SUMMARY OF LABORATORY AND MODELLING STUDIES OF WET AIR OXIDATION (cont'd) 



System 



Peat Moss 



Operating 
Cond it ions 



Reactant 



Performance 

Liquid/Gas 
% Reaction Phase Composition 



450''f- 



'550*^F 



1000-1800 
psi 



Air dried Peat moss 

peat moss/ totally 

water slurries destroyed^ 

up to 1/3 by Residual 

weight in an acetic acid 

excess of analyzed, 
oxygen 



CO^/Acetic acid 

formed in molar 
ratio of 30: 1 



Comments 



Reference 



Mercury complexed by 

Na S and absorbed in 

the peat moss was about 

98% recoverable in the 

ash. 

Batch reactor. 



Khanh, Chornet, 
Hudgins (1972) ; 
Khanh (1973). 



Butyric Acid 



450'^F"550^F 

1000-1800 

psi 



0.1-0.2 H 
butyric 
partial 
pressure of 

oxygen - 250- 
750 psla 



^ 507. but 
could have 
gone to 

completion 



50% of butyric 
acid went to acetic 
acid via propionic 
acid and acetal- 
dehyde. 507. went 
directly to CO2 * H^O 



No mass transfer control. 
Batch reaction system. 



Williams , Day , 
Hudgins , 
Sllveston 
(1973), 



00 Phenol 



200^-250'^C 
800-2200 psi 



1400-3000 mg/1. Conversions 
>99% at 
highest 
pressure 
and either 
temperature 



Mass transfer effects Pruden and 

found at higher cone en- Ferguson 

trations of phenol. (1973) 
Continuous reactor. 



Although we have Included in Table 1, the WAO plant of the 
Metropolitan Sanitary District of Greater Chicago, this plant has been 
off-stream since July 1972. (See the letter from R,R* Rimkus, Acting 
Chief of Maintenance and Operations in Appendix I). It appears that 
economics was the chief cause of this shutdown, although safety was named 
as another problem • 

2*4 Review of Research Studies 

Table 3 shows that the number of research studies on the wet 
air oxidation reaction is small. This means that the studies to date do 
not overlap sufficiently that one can get a detailed picture of what is 

occurring. It is difficult from these studies alone to attempt to predict 
the best conditions for operation of real waste systems. For this reason, 
the field of wet air oxidation will probably remain a mixture of theory 
and art for a considerable time* 

However, the studies in Table 3 do make some important observa- 
tions as follows: 

1) Thermal decomposition is observed for all but the most stable mole- 
cules* This process occurred in parallel with the actual oxidation 
steps in the work of Ploos van Amstel and Rietema (1970) and was 
important in the model of Takamatsu et al (1971) . 

2) Not all organic materials are necessarily convertible to CO-and 
water* In studies by Day (1971) it was shown that 50% of the 
original propionic acid remained as acetic acid, which was oxidized 
only slowly at the temperatures used. Acetic acid has been reported 
elsewhere, for example in the wet air oxidation of contaminated peat 
moss (Khanh et al (1972)). 

3) The process may be rate limited by diffusional transfer of oxygen, 
although this depends upon the nature of the material reacting, the 
concentrations, and the temperatures. Ploos van Amstel (1970) found 
the diffusion rate limiting in the case of glucose oxidation. Day 
(1971) worked in a regime demonstrated to be free from diffusion 
influences. 



2.4.1 



Mechanism 



From the studies carried out to date there are two basic routes 
in the WAO process; 



Thermal decomposition 

products 



Sludge 





Oxidation 



-^ Oxidation 
products 



i.e., direct oxidation to products, and thermal decomposition followed by 
oxidation. The two main reaction paths can be further broken down into 
in termed iates> as Day (1971) has done for propionic acid oxidation for 
example. However, our interest in the present study was to know the end 
products » rather than Intermediates. It appears from most such studies 
that organic wastes break down into CO^, water, and acetic acid as the 
three main products. Acetic acid is only slowly oxidized under conditions 
used for WAO. 

The early work of Zimmermann suggested that the reaction 
occurred exclusively in the liquid phase, not in the gas phase above the 
liquid. Day*s study of the WAG process using different relative gas and 
liquid phase volumes confirmed this assumption. In addition Day showed 
for his system that the vessel walls did not act as an oxidation catalyst 
or inhibitor. 

It was further suggested that the WAO reaction occurred via a 
free radical process. Evidence of this is indirect, but is consistent 
with the large quantities of CO produced and the relative absence of a 
wide variety of final products other than CO and acetic acid. Further 
tests are needed to establish the detailed steps of the free radical 
mechanism. 

Day also found that the rate was more dependent upon the pro- 
pionic acid concentration than upon the oxygen partial pressure. Whether 
this is a conclusion that can be extrapolated directly into sludge oxida- 
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tion via WAO is impossible to say. It suggests, however, that certain 
components of the sludge may exhibit similar behaviour. 

What happens to inorganic constituents during WAO is largely 
unknown, since to date attention has been limited entirely to the behaviour 
of organic materials* Most descriptions of the WAO process, however, have 
reported that only the organic materials are oxidized* As a general state- 
ment, this seems reasonable, since inorganic compounds are as a rule more 
stable (hence more oxidation resistant) than organic compounds. No systematic 
study, however, has been made of the behaviour of inorganic materials in 
the WAO process. It would seem logical to expect some of the less stable 
Inorganic materials to be oxidized even at the relatively mild conditions 
of the WAO process. 

The foregoing discussion of mechanism involves the chemistry 
of the WAO reaction. It is apparent, however, that for very fast reaction 
rates, the diffusion of oxygen into the liquid phase can become the rate 
controlling factor. Thus, to avoid both diffusion control and the 
influence of reactor start-up, test runs are best performed at the low 
(slow rate) end of the temperature range. This is an important considera- 
tion in the next section in which the design and operation of the reactor 
are discussed. 

2iJ Conclusions on Operating Conditions 

Tables 1 and 2 show that the most useful temperature ranges for 
WAO studies of sludges are above about 450 F and below about 600 F. The 
pressure range implied by these temperature limits is from approximately 
1000 psi to 1800 psia. Below 450 F, the reaction rates appear to be slow; 
above 600 F the rates are very rapid, but the pressure produced by the 
higher temperatures increases the pressure vessel costs* 

Sludge concentrations to be utilized appear to be about 5% by 
weight as a maximum. Typical sludge concentrations prior to thickening 
in sewage treatment plants are of the order of 1 to 2%. It would appear 
that the range from 1-5% sludge concentration is the most useful range 
of study. Below this range, the sludge concentration becomes too wea^^ 
to be economically treated. Above the range its viscosity results 
in higher pumping costs. 
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3. DESIGN OF WET AIR OXIDATION REACTOR 

3. 1 Choice of Reactor Type 

Autoclaves used for the study of moderate pressure reactions are 
either internally stirred (mechanically driven through a pressurized 
packing or magnetically driven and thus without packing) or mixed by 
moving the entire reactor assembly (rocking or shaking mechanism). The 
rocking autoclave reactor was chosen for the following reasons: 

i) Mechanical stirrers require heavy packing maintenance and cause 
frequent down times (based on our experience with a unit 
purchased from High Pressure Equipment Co.)* At moderate temper- 
ature, bearing wear causes both expensive maintenance and signi- 
ficant down times for magnetic stirrers, 

ii) Rocking autoclaves are the conventional system for high pressure 
reactions. It is possible that the reactor will be used for 
high pressure hydrogenation studies upon completion of the work 
in progress, 

iii) Purchase cost of a rocking unit is about the same as a packed 
mechanically driven stirred unit and about 25% less than a 
magnetically driven stirred autoclave- 

iv) The rocking unit could be fabricated in our machine shop at an 
estimated saving of 25%. 

3 . 2 Specifications 

3 
Volume: A 0.071-ft (2-1 iter) cylindrically shaped cavity was 

used. The basis of this choice was that the volume must be large enough 
that the withdrawal of samples during an oxidation run would not signifi- 
cantly alter reaction conditions. About 4 to 5 samples of about 10 ml 
were removed in a typical run. Since the reactor was half*filled with 
slurry, liquid volume in a run thus changed by only 5 to 10%. The large 
sample was necessary because large bore sampling lines were needed to 
avoid blockage by solids in the slurries. 

Temperature: Design temperature was 550 F (288 C) although the 
reactor is capable of temperatures to about 750 F (400 C) at pressures not 
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exceeding 2500 psia. The choice was based on a WAG operating temperature 
range discussed in the literature survey. Hydrogenatlon temperatures are 
usually below 500 F. 

Pressure: Design pressure was 7500 psi (510 atm) , although at 
the design temperature our calculations and comparisons with commercially 
available autoclave indicated that operation at 12,000 psi (820 atm) should 
be possible. The WAG literature survey shows pressures rarely exceed 

2.000 psi. The higher design limit was justified by increased versatility 
and, because it permitted the rocking autoclave to be used for hydro- 
genatlon studies, 

3.1 Design 

The rocking assembly with the assembled autoclave is shown in 
Figure 1. The insulation around the heater jacket, an insulating cap and 
the tubing connections are missing. 

The rocking mechanism is simple, adjustable and essentially 
maintenance-free. One of the two pillow blocks supporting the autoclave 
is visible in the picture. The arm to the shell holding the reactor is 
positioned at roughly the center of gravity to minimize bearing wear. 
Motion through a 90 arc is induced, as shown, through the Pitman arm to 
a rotating plate driven by a l/A-horsepower (191 watt) AC motor through 
a 60:1 gear rpm reducer. The reactor thus swings through the 90 arc 30 
times per minute. Since a gas-liquid (i.e. slurry) interface is present, 
thorough mixing should occur. The Pitman arm length is easily adjusted 
so the arc can be reduced. The gear ratio in the reducer can be changed 
to reduce rpm. 

After the photograph entitled Figure 1 was made, a small pro- 
tractor was added to the shell holding the reactor to permit the reactor 
to rock with its cylindrical axis about the horizontal* This was done to 
improve gas-liquid contacting. 

Figure 2 shows details of the self-sealing head used on the 
autoclave. The special sealing ring was purchased from the High Pressure 
Equipment Co., Erie, Penn. 

Three lines ran into the autoclave. A 1/4" (0.635 cm) i.d.. 
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ROCKING ASSEMBLY WITH ASSEMBLED AUTOCLAVE 




FIGURE 1 



drain line was attached at the bottom. It was intended to serve as both 
liquid sampling and drain line* Two 1/16" (0*159 cm) o*d, gas lines run 
into the head (connection nuts shown in Figure 2). These were intended to 
serve as gas pressurizing and sample withdrawal lines. All three lines 
were equipped with high pressure valves. On the 1/4** line, the valve was 
located just outside of the steel shell holding the autoclave. All lines 
were colled to take up the bending moment of the rocking motion. The gas 
feed line was equipped with a bourdon type manometer to monitor the total 
pressure in the autoclave. A schematic of the apparatus is shown in 
Figure 3. 

The temperature of the liquid (i.e. slurry) phase was measured 
by a steel sheathed, iron-constantan thermocouple (Thermoelectric Co., 
Brampton). The thermocouple entered through the bottom of the autoclave 
and protrudes 1" (2.54 cm) into the vessel. Thermocouple potential was 
monitored conventionally by a null-reading potentiometric device, 

A temperature controller was not required. The temperature can 
be held within 1 or 2 F (^ 1 C) of the design by an occasional manual 
adjustment of the power rheostats connected in series with the heater. 

Heating was provided by nine, 250-watt cartridge heaters (Thermo-- 
electric Co., Brampton) embedded in an aluminum block (Figure 1) fitting 
snugly to the autoclave- Two circuits were used. The first was a quick 
heating circuit consisting of five cartridges (1250 watts) designed to 
bring the reactor quickly up to operating temperature. These were switched 
off as the autoclave reached its temperature and the four remaining 
heaters (1000 watts) were used through rheostats to maintain temperature, 
that is, compensate for the inevitable heat losses. 

3. 4 Operations 

3 
The autoclave was half-filled using 0.035 ft (1 i) with hundred- 
fold diluted cold sludge. The head was screwed in place. Thereupon, the 
reactor was brought to operating temperature as described immediately 
above. To reduce heat loss during this period, an insulated aluminum 
bonnet was added to the exposed head of the autoclave, as shown in Figure 
4. The bonnet was removed when the reactor reached reaction temperature 
to provide a cooling load on the system, making constant temperature 
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easier to achieve. This situation is shown in Figure 5- The autoclave 
was immediately pressurized with oxygen by reading the bourdon gauge shown 
in Figure 3, 

During reaction, liquid phase samples were taken hourly starting 
at time zero, providing four samples of the dilute sludge during reaction. 
Samples were taken by turning off the rocker momentarily, affixing a high 
pressure cell of 1,53 in^ (25 ml) capacity via a Swagelok fitting to the 

outlet of the reactor, and opening a valve. The sampling cell is shown in 

3 
Figure 4. A sample of approximately 0*61 in (10 ml) was taken. 

The samples were then cooled, and transferred to small vials for 
storage. Total carbon and total organic carbon analyses were performed on 
well stirred microlitre aliquots of these samples. The stirring was 
necessary as a solids fraction would precipitate if left for any length of 
time. These analyses were carried out in a Total Organic Carbon Analyzer, 
(Model 915) manufactured by Beckmann Instruments Corp. And shown in 
Figure 6. 

The same samples were used for a certain number of phosphorus 
analyses; the technique is described in a later section. 

The fraction of the reaction mixture remaining after the final 
sample (designated Sample E in Table 5) was discarded. 
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FIGURE 4 * ROCKING AUTOCLAVE SHOWING INSULATING BONNET IN PLACE. SAMPLING CELL SHOWN ON 
MOUNTING BASE. 
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FIGURE 5 - ROCKING AUTCJCLAVE WITH INSULATING BONNET REMOVED. 




FIGURE 6 - BECKMAN MODEL 915 TOTAL ORGANIC CARBON ANALYZER, RECORDER, AND INFRARED CELL 
(BELOW RECORDER). BOTTLES FOR SLUDGE SAMPLES ARE SHOWN* 



fe^ TESTING 

4 - X Pressure Testing 

The autoclave was tested cold, and found able to withstand to 
10,000 psi (680 atm). 

i* ill Operations Testing 

Tests of the pressure gauge, thermocouple loading system, 
sampling and mixing in the autoclave were made as follows; 

i) The Bourdon gauge was tested independently by a dead weight 
testing device, 

ii) The thermocouple was tested by bringing the autoclave watet 
(unpressurized) to the boiling point, and found to be 
accurate. 

iii) The thermocouple was tested at operating temperature by filling 
the autoclave with a known volume of water, bringing the vessel 
to operating temperature as indicated by the thermocouple and 
checking the total pressure read on the gauge against the steam 
table* 

iv> A plexiglass Glostire was substituted for the steel disc in the 
steel head and the breakup of the gas - liquid interface was 
observed to see if the rocking motion was adequate- It was found 
that the gas - liquid interface was not broken by the rocking 
motion- Therefore, a steel protractor was welded to the outside 
shell, which turned the cylindrical axis so that the rocker 
would move it up and down about the horizontal. This produced 
a better gas - liquid contacting, although it was still very 
gentle compared with the contacting observed in stirred autoclaves. 
We believe it would be desirable to introduce baffling if the 
work is to be continued. 

fc^i Sludge Test ing 

The final phase of the testing was intended to set operating 
conditions for the runs to be made with chemical sludges and to provide a 



standard of comparison for the degradation measured for those sludges. 

A few trials with a chemical sludge obtained from the Kitchener 
Sewage Treatment Plant showed that the carbon content of undiluted sludge 
was too high for TOC analysis. It was decided, therefore, to use a one 
hundred fold dilution of the raw sludges* This had the additional ad- 
vantage that much lower partial pressures of oxygen were required for 
the quantity of sludge present and gas volume available in the reactor* 

A fortuitous advantage is suggested later in that a mass transfer 
influence is inferred from the results with primary sludges. The 
use of the original sludge concentrations in the presence of the rather 
weak gas-liquid contacting provided by the rocker mechanism would surely 
have produced strong mass transfer control in all of the runs. Had this 
occurred, our measurements of the decrease in organic matter with time 
would only have revealed rates of transfer of oxygen into the sludge. 
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5. CHEMICAL ANALYSIS 

5*1 Objectives 

Analyses were carried out only to deterralne the fate of phos- 
phorus in the sludge and to follow the degradation of organic matter. 
Additional spot tests were made as discussed below. 

5. 2 Total Organic Carbon Measurements 

A conventional Total Organic Carbon Analyzer was used to measure 
both total carbon and total organic carbon in the samples. The unit used 
was a BecloDann Model 915, shoxm in Figure 6, The operation of this unit is 
well known and it will not be described. 

The 10 ml sample vials containing diluted fresh or degraded 
sludge were thoroughly shaken before 50 A. samples were withdrawn by 
syringe for injection into the ports of the Beckmann unit- Multiple 
aliquot s were always taken so as to suppress the sampling problem in the 
two phase system. Reproducibility was about ± 2%. 

Test runs were made with samples filtered through filter paper* 
In this way degradation in both suspended and dissolved phases could be 
followed. Lack of time prevented this procedure from being employed 
routinely. 

Total organic carbon content of the sludge was measured in either 
of two ways* The first consisted of using the catalytic and non-catalytic 
ports of the Beckmann Unit. The non-catalytic port measured the inorganic 
carbon while the catalytic port measured the total carbon. Total organic 
carbon was the difference between the two measurements* The second 
technique used was to acidify part of the 10 ml sample, hold and shake 
this part for about an hour to drive off CO^ and then measure total carbon. 
The value measured in this case is the TOC of the sample. 

5 . 3 Analysis of Phosphates 

Phosphate analysis was carried out using a colorimetric method 
which detects only the soluble orthophosphate. To obtain metaphosphates 
in solution, perchloric acid was used to increase the valence state of the 
phosphorus to form phosphate. Then the total phosphate was determined 
colorimetrlcally and the metaphosphate found by subtraction* 
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To calculate the phosphorus content of the solids, perchloric 
acid was used to digest the solids, placing in solution the soluble ortho- 
phosphate produced in the digestion* The colorimetric method was used to 
measure the orthophosphate thus produced. 

The basis of the colorimetric method is now described- 

In dilute phosphate solution, ammonium molybdate reacts in acid 
medium to form the heteropoly acid, molybdo-phosphoric acid, which is 
reduced to the Intensely colored complex, molybdenum blue, by the reducing 
action of stannous chloride • The complex is detectable by colorimetric 
methods in the range 0-3 mg/1 for a 2 cm light path. 

Since the phosphate ion adsorbs on glassware, all equipment used 
in the analyses was washed in 4N HCl followed by deionized water. 

This method is a standard (American Public Health Association, 
1965) , but one which is susceptible to interference from iron under 
certain conditions. A recent thesis by Jack (1973) provided evidence of 
the utility of this method and ways of removing the interference of iron. 
Details of the analytical technique are given in Appendix II. 

|\4 X-Ray Diffraction 

An attempt was made to obtain an X-ray diffraction pattern for 
the solids remaining after oxidation to identify, if possible, the mineral 
composition of the "ash*'. A conventional X^ray device for studying mineral 
sample available in the University of Waterloo Department of Earth Sciences 
was employed. The pattern obtained, however, was unsuited for analysis 
probably due to the character of the sample. Time permitted only a 
single attempt. 

%i.§: Atomic Absorption 

Change in mineral content of the dissolved phase was studied 
through the use of a Perkins^Elmer Model 303 Atomic Absorption Spectro- 
photometer. Only the change in iron was examined since lamps for calcium 
and aluminium were not available. A calibration curve was prepared using 
standard samples for this purpose. Filtered samples, diluted so as to give 
an Fe level between and 20 mg/1, were used and blanks were run to estab- 
lish the iron concentration in water used for dilution. Samples were from 
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a special 500*^F - 5 hour experiment using the North Toronto FeCl^ treated 
primary sludge- 

5.6 Chroma togr aphy 

A brief attempt was made to identify soluble intermediates which 
might arise during sludge oxidation. The presence of the lower carboxylic 
acids was suspected so the chromatographic technique employed by Day (1971) 
was used. This technique employed separation over a Poropak QS 120-150 
mesh column using He carrier gas, and a flame ionization detector. The 
chromatograph was a Hewlett-Packard 5750 dual column unit. A mixture of 
acetic, butyric and propionic acid was used to establish peak sequence and 
retention times. Filter microliter samples from the special 5 hour run 
were used* 
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6. SLUDGES 

Sludges were obtained from the Canada Centre for Inland Waters, 
Burlington, Ontario. All came frotn municipal sources and were comprised 
of primary and secondary sludges as well as chemical sludges, that is, 
sludges recovered where chemicals had been added. The latter group 
consisted of sludges obtained where alum, ferric chloride and lime were 
employed to remove soluble phosphorus from the municipal wastewaters, 

Table 4 lists the sludges used by type and source. A detailed 
analysis furnished by CCIW for some of the sludges is given in Appendix III. 

The original plan of using Kitchener or Waterloo non-cheraical 
sludges to develop the experimental technique and to serve as a basis for 
comparison had to be abandoned because of lack of time and the unfortunate 
circumstance that both the Kitchener and Waterloo sewage plants were 
running full scale tests of chemicals addition during most of the period 
of our experimental work. 
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TABLE 4 
SLUDGES USED IN WAQ TESTS 









Chemical 




Plant 


Type 


Treatment with 


(a) 


Sarnia 


Primary 


Ferric Chlorid* 


(b) 


Newmarket 


Primary 


Lime (CatnH)^) 


(c) 


North Toronto 


Simul tanepus^ 


Ferric chlorid- 


(d) 


North Toronto 


Primary 


None 


(e) 


Drury Lane 


Primary 


None 


(f) 


Elizabeth Gardens 


Primary 


None 


(g) 


Drury Lane 


Activated 


None 


(h) 


Elizabeth Gardens 


Activated 


None 



- Ferric chloride added to aeration tank, excess activated sludqe v/asted 
to primary clarifler. 
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7- EXPERIMENTAL CONDITIONS 

It was originally hoped to carry out reaction at two temperature 
levels 450^F (232°C) and 550°F (288°C) . However, data were obtained only 
from two 550 F runs, since the autoclave appeared to develop leaks at this 
temperature. The problem is believed to be due to uneven temperature 
distribution in the massive head of the vessel which is exposed to air. 
In order to avoid further development of the apparatus, it was decided to 
operate at 450'^F (232°C) and 500°F (260°C) in further runs. 

The 450 F experiments employed an oxygen partial pressure of 
650 psi, while the 500'^F experiments used 700 psi. One of the experiments 
at 550 F was carried out at an partial pressure of 750 psi. Total 
pressures in the experiments ranged thus from 1070 to 1800 psl* 

Oxidation runs were made at two temperature levels on each sludge. 
Replicates were made of the 500^F runs on North Toronto primary sludges 
with and without the FeCl treatment. Runs were performed in random 
order, except for replicates which were done at the end of the series. The 
run number in Appendix V gives the chronological order of runs. A number 
missing from the ordinal sequence indicates a run that failed, usually 
from leakage, during the experiment. 
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8. RKSULTS 

8.1 Degradation of Organic Matter 

The problem of bringing the autoclave up to operating temperature 
was handled by heating the unit filled with the liquid sample to the oper^ 
ting temperature and then adding oxygen* Some degradation occurred during 
the approximately one hour long heating period. Table 5 shows the change 
in both total carbon (TC) and total organic carbon (TOC) as percentages of 
the levels in the raw sludge during the heating period for some of the 
sludges* 

Tabulated data for all experimental runs will be found in 
Appendix V. Data for both TOC and TC are given. All values refer to the 
undiluted sludge. 

Figures 7(a) to 7(b) depict graphically the oxidation results. 
These figures show the fractional change in TOC starting from the point at 
which oxygen Is introduced versus time* A normalized presentation of the 
data was used because it proved difficult to draw identical samples of 
sludge, (see TC or TOC values for "A" of the same sludge in Appendix V), 
but most of all because the percent reduction of TOC varied considerably 
(Table 5) during the heating period* 

8.2 Phosphate Analysis 

Phosphate measurements were generally made on the sludges as 
added to the reactor and after 3 hours oxidation. Measurements were made 
on both supernatant and solids* Table 6 summarizes the results which are 
given in Appendix V. 

A material balance on phosphate was not made owing to the fact 
that volumes of samples and weights of solids recovered were not recorded. 

8. 3 Other Measurements 

Analysis of the supernatant phase for iron by atomic absorption 

on the North Toronto Primary FeCl sludge were: 

Iron Concentration - mg/l 
Sludge 55 

Oxidation at 500 F for 5 hours 35 

Only one measurement was made. 
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TABLE 5 
PERCENTAGE CHANGES IN TOC AND TC DURING HEATING OF SL UDGES 

R u n Sludge 

1^ North Toronto - Primary 

M wi-th FeCl^ 

I 

$■ North Toronto - Primary 
M no FeCl^ 

i Elizabeth Gardens - Primary 

1% Elizabeth Gardens - Primary 

i Drury Lane - Activated 

S Elizabeth Gardens - Activated 

If Elizabeth Gardens - Activated 



Temp . F 


A TOC (7.) 


A TC (7o) 


500° 


16.7 


22.1 


500° 


»..,Q 


7.4 


550° 


9.1 


^«* 


500° 


10.3 


15.2 


500° 


14.2 


f.t 


450° 


5.4 


12.7 


500° 


40.0 


44.1 


450° 


3-6 


15.8 


450° 


14.3 


10.2 


500° 


16.2 


17.1 
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TABLE 6 
PHOSPHATE LEVELS IN SUPERNATANT AND SOLIDS BEFORE AND AFTER WET AIR OXIDATION 



Run Sludge 

17 Drury Lane - Primary 

5 

8 Elizabeth Gardens - Primary 
14 

6 Elizabeth Gardens - Activated 

7 North Toronto - Primary 
13 North Toronto - Primary 

^ 2 with FeCl^ 

4 Sarnia - Primary 
10 with FeCl- 

3 Newmarket - Primary 
with Lime 



as orthophosphate 
as total phosphorus 



o 
Temperature F 


Filtrate • 
Before 


- ppm 
After 


Solids • 
Before 


■ % Weight 
After 


500° 


2.0 


0.3 


1.0 


4.6 


550° 


1,7 


10 


1.3 




450° 








7.3 


500° 


5,0 


4.2 


2.4 


2.9 


450° 


0.9 


4.3 




2.6 


500° 


27 


1.7 


2.0 


5.2 


500° 


0.2 


1.9 


3,5 


2-7 


550° 








1.6 


450° 


1.3 


13 


0.89 


2.00 


500° 
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1.5 


450° 


2.0 


19 


1.0 


1.5 



A chromatographic analysis of the same supernatant to detect the 
lower carboxylic acids showed no measurable butyric, propionic or acetic 
acid in the supernatant - 
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Fig.7a)-d) TOC vs TIME FOR VARIOUS SLUDGES 
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Fig. 7 e)- h) TOC vs TIME FOR VARIOUS SLUDGES 
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?, DISCUSSION OF RESULTS 

9 . 1 Degradation of Organic Matter 

9.1.1 Reactor Heating Period 

From Table 5, we find that there was appreciable decomposition 
of the organic carbon constituents of the sludge during the time required 
to heat up to reaction temperature. This amounted to about 10% of the 
sludge per hour, although there were large variations between sludges. 
This average of about 10% is not a particularly meaningful number as the 
temperature was increasing during this period. Also, no correlation was 
found between the actual rate of decomposition as measured by the change 
in TOC in this period and the sludge properties. In addition there seemed 
to be no relation between the rate of change of the TOC and the final 
temperature of reaction- 

The table also shows that the percentage change in TC during 
heating up was almost invariably larger than the percentage change in TOC 
during the interval. Again, no correlation was seen either with the final 
reaction temperature or with the nature of the sludge. 

A larger relative change In TC than in TOC during the same 
period suggests that (1) carbonates may be decomposing to form CO^, or 

(2) certain organic species are thermally decomposing releasing CO , or 

(3) the CO^dlssolved in the system resulting from slow biological activity 
of the sludges is being driven off as the temperature rises. 

It appears that the majority of the change in TOC and TC during 
the heating period is attributable to oxidation of the sludge by oxygen 
introduced when the autoclave was filled with sludge. No flushing proce- 
dure was used to remove air from the reactor (initially half-filled with 
dilute sludge). Calculations show that in the filling operation about 
0.01 g mole oxygen was available. Taking into account the hundred-fold 
dilution of the sludges in the reactor, the maximum possible percentage 
oxidation can be calculated. For the activated sludges there would be 
sufficient oxygen for complete oxidation, while for the primary sludges 
whose Initial TOC's were 30,000 mg/1, a maximum of 40% oxidation would be 
possible. 
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In view of the amount of oxidation that does occur from the 0*01 
g mole oxygen in the reactor at the time of closing (plus whatever dissolved 
oxygen is added during dilution) , it is interesting to note from the data 
(Appendix V) that the further addition of oxygen when the desired reaction 
temperature is reached does not increase the rate of oxidation over that 
indicated crudely during the heating period despite the higher oxygen 
partial pressure and temperature. This suggests that the oxidation 
during the heating period must affect only the easily oxidlzable components. 

9*1,2 Wet Air Oxidation Period 

A significant finding is that the analyses coded "E*' (designa- 
ting samples exposed 3 hours to oxygen at reaction temperature) in 
Appendix V show the TOC values to be approximately equal to the TC values 
in most cases* The most noteworthy exception is the case of the lime-treated 
sludge whose '*E'* samples show TC values considerably higher than TOC values. 
This result suggests that for the majority of cases, all the inorganic 
carbon tends to be oxidized leaving a relatively refractory organic 
component to be oxidized at the end of the 3-hour period. The exception 
to this interpretation is the lime treated sludge, where a carbonate is 
formed which is evidently stable at these temperatures. The same is true 
to a lesser extent with FeCl treated sludges. It is therefore suggested 
that lime sludges should not be wet oxidized, as scale formation would 
quickly foul heat transfer surfaces. 

9*1.3 Reproducibility 

As pointed out in the previous sections, the individual TOC/TC 
measurements were closely reproducible. The sludge samples used in the 
runs, however, varied considerably even though they came from a single 
source. For this reason, the TOC data was normalized* Normalization, 
however, did not eliminate variability as Figure 7 shows. 

This high variability among runs could be measured in several 
ways, for example, by a change in the initial rate of change of the 
fractional TOC remaining. However, we will use the difference in the 
fractional TOC remaining after 3 hours exposure at reaction temperature - 
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Two replicate runs were made. In the case of North Toronto 
sludge treated with FeCl (Runs 13 and 22) the difference between replicates 
is about 29%. On the same sludge without the FeCl treatment (Runs 7 and 
21) the difference is 23%. Thus, there appears to be about a 25% variation 
from run to run. The reason for this surprising variability is not clear, 
although Day (1971) observed large run to run variations using pure 
propionic acid as the oxidizable substance. 

9.1.4 Mass Transfer Effects 

In the eight sets of runs on different sludges, the higher 
temperature run shows a slower rate of oxidation than that observed in the 
lower temperature run in 4 cases* The fact that the lower temperature 
often appears to yield a higher conversion than the higher temperature in 
about half the cases is in part suggested by the fact that there is not a 
strong temperature dependence apparent, except in the case of Drury Lane 
activated sludge (see Figure 7)* Thus, with high batch-to-batch vari- 
ability, it is reasonable to expect that the temperature effect will not 
be easily discernible in all cases. 

A question then arises as to what might account for a relatively 
low temperature effect when there is a separation of 50 F (28 C) between 
sets of runs, in view of the well known doubling rule that states that for 
most kinetic reactions, the rate doubles for each 10 C of change of 
temperature. The experimental results as shown in Figure 7(a) to 7(f) 
suggest that the temperature effect is obscured by a mass transfer effect, 
which would greatly reduce the temperature dependence. This is perhaps 
not surprising in view of the relatively poor contacting available between 
the gas and liquid phases in the reactor. Rocking, unless carried out with 
great violence, is not an efficient means of contacting. 

However, there is another piece of evidence that mass transfer 
is responsible. In the case of Drury Lane activated sludge, the separation 
between the reaction curves in Figure 7(g) at 450 F and 500 F is large, 
the higher temperature run having an initial reaction rate some 4 or 5 
times higher than the lower. In Appendix V we see, however, that the TOG 
of the sludge is 6000 compared with TOC of the primary sludges of from 
20,000 to 75,000. This represents up to an order of magnitude reduction 



38 



In the quantity of organic material in the sludge. It appears that the 
transfer rate of oxygen into solution is rapid enough to satisfy the 
kinetics of oxidation of the activated sludge, while the primary sludges 
are at least partially oxygen starved, insofar as their kinetics are 
concerned. However, oxygen transfer in the primary sludges is not alone 
limiting, since some temperature dependence is noted, despite the problem 
of variability noted above. The mass transfer efffect is also weak enough 
that a catalytic effect can be noted » as is discussed below, 

9,1.5 Catalysis of Wet Air Oxidation by Iron Salts 

Since we have a primary sludge from North Toronto in two forms - 
one treated with FeCl and the other untreated, we can make a comparison 
of their relative rates of oxidation at 500 F. From Figure 7(c) and (d) 
it is evident that: 

(1) TOC fractions remaining are 0,30 and 0,40 with FeCl treatment, 
while fractions of 0,50 and 0,63 are noted where no treatment was 
used. 

(2) the slopes of the TOC curves after 3 hours at 500 F suggest that 
the fraction remaining is changing slowly with time for the sludge 
not containing Fe salts, while the slopes for the sludge resulting 
from FeCl treatiaent indicate that a change is occurring rather 
more rapidly. 

Consequently, it appears that the sludges containing Fe salts oxidize more 
rapidly. 

Further support for this possibility comes from Brett (1968) who 
suggests that sources of free radicals such as hydrogen peroxide and iron 
salts could be used to accelerate wet air oxidation. 

Indeed, having made this observation with FeCl alone, it is also 
apparent that there is a tendency towards greater conversion in the case of 
treated sludges than with untreated ones (activated sludges excepted) . As 
with temperature dependence, the catalytic effect tends to be obscured by 
the superposition of mass transfer, 

9.1.6 Chromatographic Analysis of Filtrate 

The absence of the lower carboxylic acids in the filtrate after 
5 hours of oxidation was noted to be surprising in the previous section. 
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Significant amounts of acetic acid in the filtrate remaining after the wet 
air oxidation of a mercury contaminated peat moss has been noted (Khanh et 
al» 1972) • Researchers studying the oxidation of aqueous solutions of 
butyric acid (Williams et al, 1973) and propionic acid (Day, 1971) find 
acetic acid to be a major product. 

It may be that the Iron salts catalyze the oxidation of these 
soluble acids. This could account for their absence in the supernatant 
(or filtrate) recovered from the oxidized North Toronto primary sludge 
from FeCl treatment and also for the lower TOC readings obtained with the 
Fe containing sludge* In the same speculative framework, we may look at 
the oxidative degradation of suspended matter as being the most difficult 
step. Since dissolved oxygen Is believed responsible for oxidation, 
perhaps this step is mass transfer controlled. 

9.2 Phosphate Studies 

9.2.1 Phosphate Analysis 

Soluble phosphorus concentrations in the liquid phase reported 
in Table 6 and in more detail in Appendix V refer to the concentrations 
present either in the original sludge or In the hundred-fold diluted 
sludges used in the oxidation experiments. This can be demonstrated by 
considering the solubility product for sparingly soluble salt which is 

(M ) (X ) - K . Thus, even if the original slurry is diluted one-hundred- 

s 

fold with solvent (water), provided MX is still present as a solid, and 

-f -* + — 
equilibrium is maintained, (M ) = (X ) and (M ) and (X ) will remain 

constant. 

Because of the pressures of time, phosphate analysis studies were 

abbreviated to about one analysis per sludge type (except for Drury Lane 

activated, which was omitted). Also, all of the samples from the autoclave 

were stored and the phosphate analysis was performed only at the end of 

the project. If was not evident until the phosphate analysis phase that 

the 10 ml samples were just barely sufficient for analyses for soluble 

orthophosphate, total soluble phosphate and solid phosphorus. Thus, it 

was not always possible to obtain total analysis Information on each sample 

taken. There was in no case enough sample for replicates when any analytical 

problem was encountered. Hence, Table 6 and Appendix V show a number of 

incomplete entries - 
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A test of reproducibility of soluble total phosphorus measurement 
gave 5.2 mg/1 and 5.0 mg/1 in successive measurements* This was deemed 
satisfactory reproducibility* For the solid phase phosphorus analysis, 
tests using blanks showed the reproducibility of the analysis itself was 
high. Problems arose with the small amounts of solids collected from a 
10 ml sample which in some cases made the calculation of the weight per 
cent phosphorus in the ash unreliable. 

Complete records on the sample volumes were not made. Therefore, 
It was impossible to make material balances on the phosphorus content of 
the sludges during reaction. Samples tended to be too small (10 ml) even 
for direct phosphate analysis of the liquid phase without dilution* In 
several cases, solids residues were so small that the evaluation of the 
percentage of phosphorus lacked credibility and these values were deleted. 

Solids residues of the remaining reported results ranges from a low of 0,7 
mg to a high of 59 mg, the mean being about 20 mg. 

9-2*2 Liquid Phase Analysis 

From the results in Table 6, it appears that soluble orthophos- 
phate increases during oxidation for both chemical and non-chemical 
sludges. There is, however, some contradictory evidence in the case of 
three of the non^chemical sludges (North Toronto-Primary-500 F, Drury Lane- 
Prlmary-500*^F and Elizabeth Gardens-Primary-500°F) . For the chemical 
sludges, it appears that wet air oxidation resolublllzes phosphorus to an 
extent of about 10 times the original concentration during the total 
exposure time of 4 to 5 hours in the reactor. 

Thus, wet air oxidation of chemical sludges appears to undo some 
of the stabilization of the phosphate achieved by the chemical treatment. 
This fact suggests that the effluent from the process should be returned to 
the head of the sewage plant. It should not be discharged into a receiving 
water. Resolubilization is limited because most of the phosphorus remains 
in the solid phase as discussed below* 

Further studies would be needed with non-chemical sludges to 
establish whether they behave similarly to chemical sludges with regard to 
resolubilization of phosphorus, or have a more complicated behaviour. 
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Total soluble phosphates were usually several times more concen- 
trated than the orthophosphate itself, but the concentration of total 
phosphates tended to parallel changes in orthophosphate concentration. 
This latter fact adds further evidence of consistency to the phosphate 
analyses. Thus, it appears that wet air oxidation of chemical sludges 
reverses the stabilization of all forms of phosphate achieved by chemical 
treatment to a limited extent. 

9.2.3 Solids Analysis 

The percentage of phosphorus in the solid residues from samples 
can be seen from Table 6 to increase during oxidation. This is presumed 
to be mainly the result of the fact that the total solids are being reduced 
by wet air oxidation with time. The fact that the percentage of phosphorus 
increased In solids residues during oxidation, independently of whether 
phosphate increased or decreased in the filtrate. Indicated that the solids 
residues were the main repository of phosphorus in the system, 

9.2.4 Mechanism of Phosphate Resolubilization 

While the data are insufficient to establish a mechanism for the 
resolubilization of phosphate during wet oxidation of chemical sludges, a 
speculative interpretation can be made. Suppose the floe formed are 
complex materials containing organic as well as inorganic matter. The 
phosphates would not be bound in an inorganic compound. Indeed some of the 
phosphate could be adsorbed on the floe. Wet air oxidation of the floe 
would decompose the organic portions of the floe and the higher tempera- 
tures in the reactor might desorb phosphate, both effects would release 
phosphate back into solution where it shows up as increased soluble 
phosphate. 

Presumably, the phosphate concentration could again be reduced 
by post- treatment with relatively smaller amounts of the same chemical used 
in the primary or secondary stages of the sewage plant. Perhaps this 
treatment could be carried out simultaneous with wet air oxidation in the 
same reactor, the added chemical serving as an additional catalyst for the 
reaction. 
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M. CONCLUSIONS AND RECOMMENDATIONS 

The following conclusions were drawn on the basis of the experi- 
ments described in this report: 

1. For most sludges at SOO^F, a reduction of at least 50% of the TOC 
was produced by 3 hours exposure to wet air oxidation. However, 
high batch-to-batch variability was observed in wet air oxidation 
replicate runs* 

2. Mass transfer limitations appeared to be present except in the 
case of the activated sludges. This limitation could probably 
be overcome in plant- scale wet oxidation units by means of 
adequate agitation. 

3. The presence of cations from chemical stabilization of phosphorus 
appears to catalyze wet air oxidation. 

4. Wet air oxidation of chemical sludges appeared to reverse, to a 
certain extent, the stabilization of phosphorus achieved by prior 
chemical treatment. About a tenfold increase in orthophosphorus 
in the filtrate was observed. 

5» Wet air oxidation of non-chemical sludges shows contradictory 

evidence of increased and reduced stabilization. Further studies 
of this are needed. 

6. Sludges containing high levels of chemicals may give rise to 
carbonate formation during sludge oxidation. With lime sludges, 
the carbonate is stable at 500 F, This sludge could cause a 
fouling problem in full-scale plants. 

7. Recovery of a high yield phosphorus in the form of a residual ash 
from wet oxidation appears possible* 

Based on the above conclusions, the following recommendations 
are made: 

1, The work reported herein is exploratory. Before any economic 
evaluation of the process is possible further experiments are 
recommended to establish the kinetics of wet air oxidation more 
fully. 
2* Detailed study of the behaviour of phosphorus during wet oxidation 
is necessary to provide knowledge of the reasons for changes in 
solubility during the process. 
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The appearance of a catalytic effect of chemical additives on 
wet air oxidation is intriguing and suggests economic Improve- 
ment over conventional wet air oxidation processes • 
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APPENDIX I 



LETTERS FROM RIMKUS 



CONCERNING CHICAGO'S WET AIR OXIDATION PLANT 
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Raymond R. Rimkus 

OF 



M^TIIOPOLITAN SAXITAItY 0IISTRICT 

/■; /< /^^ - OF 4>llE£ATEIi i:iii€A4;o ' . - ■-. • .^w 

IPO EA9T ER^C ST.. CHICAGO. j imiNOfS 0061 V .U, '/ 751^600 



pi^jaiBLiiiiii^rrrx,.^ 



uil: 



■ LllDTTTT^ iT dl 



April 6, 1973 



»OARD OF TftUSTCCi 

JO*HNK H. AtTlH 
JOAN «. ANDEItAON 
JOHN C, tftAAl 
VALtNTIWe JANICKI 
WritUAM A. JA«KUtA 
JAMC* C. KtMlI 
CMUTCJI P, KAJCWVKJ 
NlCrtOLAii J. MtLA« 
JO«<N W. fl06tll« 



Mr, R. R. Hudgins 

Associate Professor of Engineering 

Dept . of Chemical Engineering 

University of Waterloo 

Waterloo, Ontario, Canada 

Dear Professor Hudgins: 

In reply to your request of February 26, 1973 concerning inforiRation 
on the present status of the Zimmerinann Wet Air Oxidation Process 
(W.A,O.P.)^ please be advised that the W.;\,0*P. Plant was taken out 
of service on July 6, 1972. At the present time the W.A,0,P. Plant 
is kept on a stand-by basis, ready for emergency use (ie., when the 
other solids handling facilities are overloaded) * When sufficient 
digestion capacity is available at the WSW Plant, the W.A.O,?. Plant 
will be phased out entirely. This should occur about 1977, 

Several factors influenced the decision to phase out the W.ApO.P, 
Plant. Basically, it was found that other methods of sludge treat- 
ment (such as heated digestion) and disposal were more economical 
and more desirable. The maintenance and cost of operating the 
W.A.O,P, Plant was excessive. Safety was a constant problem with 
several injuries occurring at the plant . Supernatant return was 
very high in BOD concentration and was detr iitiental to the activated 
sludge process. 

The Metropolitan Sanitary District has adopted a policy whereby we 
plan to dispose of all of our treated solids on land. Stabilized 
solids are presently barged to our Fulton County farm operations 
for land reclamation, W.A.O.P. ash is not suitable for our purposes. 

I hope this information answers your request satisfactorily. If you 
desire more information, please feel free to contact me. 



cc: Mr. Bart T. Lynam 



Sincerely, 




Acting Chief of 
Maintenance and Operations 
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75t<5600 



!^ 



iznUSnrirn^l 



:uLlL 



'ulnn^rtEr]' i-ni, 



Raymond R Rimkus 



»OAIlD or TflUSTECS 

JOAHNC H. ALtf ft 

J OHM E. tOAN 
VALtNTlNI JANtCKI 
WKLLIAM A, JA^tCULA 
JAUt.* C. tllRll 
CHCSTtft P. MAJCWiiCI 
MICHOUA* J. MIUAt 
iOHN W. ftOOlRl 



ACTIHttl CHIfff 



June 7, 1973 



Mr, Peter E. L. Williams 
Dept. of Chemical Engineering 
University of Waterloo 

Waterloo, Ontario, Canada 

Dear Mr. Williams: 

In reply to your request of May 16, 1973, the following information 
should satisfy your specific questions. With regard to your 
final question concerning the smaller plants - I am not familiar 
with those installations, they are not connected with the MSDGC. 

1 . Economic Comparison - The MSDGC is committed to a 
solids on land program. We feel this is the most 
sensible solution to the problem of disposing of sewage 
solids. In order to safely apply these solids to land, 
the material must first be treated. Prior to land 
applications the material must be stabilized and made 
inoffensive. By 1977 we will treat all of our solids in 
high rate heated digesters (organic matter in the sludge 
is reduced to simple compounds, volatile matter is reduced 
to liquids and valuable gases, and coliforms are almost 
completely eliminated). A cost comparison between the 
two methods (digestion vs. WAOP) is shown below: 



WAOP 



Unit Cost Per Dry Ton 

Maintenance and Operating Labor $18.74 

Power, Chemicals, Supplies, & Equipment 11 .82 ^ 

Total Cost Per Dry Ton $30,56 $13,59 



Diciest ion 
$12,28 

1,31 



WAOP Ash - One drawback to the WAOP process is that it 
reduces the nutrient value of the sludge. Another 
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Mr. Peter E.L Williams - 2 - June 1, 1973 



factor effecting the suitability of the material in our 
land reclamation program is its rapid settling character- 
istics. In our program the material Is transported as a 
liquid and applied to the land in liquid form by spray 
irrigation. The material is transported by barge some 
150 miles and pumped into a holding basin prior to land 
application. We experienced difficulties with the WAOP 
ash settling during transport making it extremely dif- 
ficult to remove from the barges - once the ash settles 
it is difficult to put it back into suspension. The WAOP 
ash, while not suitable in our land reclamation program, 
is indeed a suitable landfill material - 

3. Corrosion and Safety - Yes, these are related problems. 
However, from a safety standpoint, we believe the major 
item of concern is the high operating pressures. For 
example, if the process operates for a period of time in 
an oxygen depleted atmosphere, incomplete combustion will 
occur. The possibility exists that there will be a build- 
up of combustible materials (grease, oil, etc.) on the walls 
of the process piping. When the process returns to an 
oxygen rich atmosphere, this build-up will burn off and 

the metal will reach very high temperatures (lowering its 
bursting pressure) creating unsafe working conditions. 
It should be noted that the sewage treated at our WSW 
plant has a very high industrial waste content which may 
cause problems ^nd difficulties at our installation very 
much differeijt fro(» pfche^ installations* 

4. Supernatant BOD - No, it is not known whether or not the 
high BOD was caused by carboxylic acids. This is not a 
standard operating or performance test. 



Sincerely , 



!^/%(xi^ /tUmk 



'Clio 



Raymond R. Rimkus 
Acting Chief of 
Maintenance and Operations 
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APPENDIX II 



DETAILS OF ANALYTICAL TECHNIQUE 
USED FOR PHOSPHATES 



APPENDIX II 

DETAILS OF ANALYTICAL TECHNIQUE USED FOR PHOSPHATES 
The objective set was to obtain a total phosphate analysis for 
the solid and both a total and orthophosphate analysis for the liquid* 
The procedure used was taken from American Public Health Association (1965) 
and a University of Waterloo M,A,Sc. Thesis (Jach, 1973). 

Preparation of Samples 

Two liquid samples were prepared for total and orthophosphate 

analysis by filtering two liauid portions through a 0.8 m millipore filter. 
Known volumes were pipetted from the sample bottle to the filter and the 
cake and paper were washed thoroughly with de ionized water to remove all 
soluble phosphate Into the filtrate. The same filter paper was used for 
both liquid samples due to the small amount of solids in the sample. The 
flask was washed with acid and deionlzed water between samples. After 
both liquid samples had been obtained, the remainder of the sample, con- 
taining the bulk of the solids was filtered through the same paper and the 
cake thoroughly washed as before. The filtrate from this step was discarded 
and the cake dried in a steam cabinet • Although it was possible to pipette 
very clear liquid from the sample bottles, due to the settling of the 
solids, slight amounts of turbidity can affect colorlmetrlc analysis. 
Thus, all samples were filtered through the millipore filter. 

Since the analytical method detects only orthophosphate, soluble 
orthophosphate could be determined without further treatment from one of 
the liquid samples. Total phosphate in the remaining liquid sample and in 
the filter cake required conversion of all forms of phosphorus to ortho- 
phosphate, an oxidation reaction. This was done by boiling the sample In 
perchloric acid (HCIO-)- 

For total phosphate liquid samples, the liquid sample was placed 
in an acid washed flask and a few acid washed glass beads were added. 
(Ordinary boileezers were found to be completely soluble in the acid). An 
amount of concentrated HCIO, equal to the liquid volume originally filtered 
was added slowly. The flask was set on a hot plate and allowed to boil 
slowly until dense white fumes appeared. The flask was allowed to cool 
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and the sides washed down with delonized water. The flask was then 
returned to the hot plate and again allowed to boil slowly until dense 
white fumes appeared. The flask was removed, allowed to cool, and the 
sides again washed down. This same digestion procedure was used for the 
filter cake, with 10 ml of concentrated HCIO added to each sample. Only 
a small quantity of particulate matter, if any, survived the digestion* 
Reaction with the cake and filter paper was not violent, the solids just 
becoming more and more transparent until they disappeared. All procedures 
involving HCIO,, including the following neutralization, were carried out 
with rubber gloves in a fume hood behind a glass screen because of the 
possibility of burns and explosion. 

Since the blue color measured colorimetrically later in the 
procedure breaks down at low pH's, the digested samples were neutralized 
to a pH of 8.3, This was done by neutralizing with ION NaOH and titrating 
with IN NaOH and back titrating with 0.5N H2SO using 2 drops of phenol- 
phthalein indicator until a faintest pink coloration was achieved. The 
faint pink color remaining was neutralized by the molybdate reagent used 
later in the procedure and did not interfere with the spectrophotometer 
reading. Small amounts of precipitate formed in most flasks, with larger 
amounts of red gelatinous material in the digested solids from the FeCl^ 
sludges. After cooling, all flask contents were filtered through a 0.8 m 
millipore filter to ensure clarity for the subsequent analysis. This 
filtration was very slow. All of the cake was washed with deionized water 
to keep the phosphate in the filtrate. 

Analytical Procedure 

The analytical procedure was the same for all samples since only 
orthophosphate determination was involved. Three previously prepared 
solutions were required as follows: 

Molydate solution: - 25 g of (Wi ) JiOjO ,^ AH^O dissolved in 175 ml of 

distilled water mixed with 280 ml of concentrated 
H^SO, dissolved in 400 ml distilled water and the 
final mixture diluted to 1 litre. 

Stannous Chloride solution: - 2.5 g of SnCl, •2H^0 dissolved in 100 ml 

o 2 2 

glycerol. 
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Standard Phosphate solution: - .7165 g of KH^PO, dissolved to make 1 litre 

of solution. This gives 1 mg = 0.5 mg PO^, 
100 ml of this solution is diluted to 1 
litre with distilled water to give 1 mg = 

The molyhdenum blue complex shows maximum absorbance at 690 m . 
A Bausch & Lomb "Spectronlc 20" spectrophotometer with a red filter was 

used and absorbance was measured at 690 m - The same Kimax tube was used 

y 

for all readings* 

To obtain phosphate concentrations from percent transmission 
readings on the instrument > a calibration curve must be prepared using 
solutions of known phosphate concentration. Standards were prepared 
ranging in steps from 0.1 to 3.0 mg/1 PO . 

Although the reproducibility was excellent, a complete set of 
standards was run before each batch of samples. The instrument was set to 
read 100% transmit tance on a blank and the standards covered almost the 
whole scale. 

To develop the blue complex, the sample is poured into a 100 ml 
volumetric flask and 4 ml of the molydate solution are added. Then 10 
drops of stannous chloride solution are added and the solution dilute to 
100 ml- The intensity of the blue color Is time dependent and is fully 
developed between 10 and 12 minutes after stannous chloride addition. In 
these analyses, all samples and standards were read after exactly 11 
minutes had passed. In dilute samples where dilution to 100 ml would put 
the color off -scale, a graduated cylinder and proportional amounts of 
reagents were used to produce smaller samples. The same time interval was 
used. 

Readings were taken by zeroing the Instrument without the tube 
in place, washing the tube with the solution to be tested, filling the 
tube with the solution, cleaning the tube exterior with "Klmwipes", 
inserting the tube, and reading the scale at the 11 minute mark. 

Iron Interference 

Iron In the samples should not exceed 0.4 mg/l or interference 
with the method will result. In these analyses, iron was present in some. 
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possibly all samples judging by the red-brown color of the oxidized solids. 
For precepitation of ferrous iron* 



Fe^^ + 3H 0-> Fe(OH)^ + 3H^ + e' 



E^ * + 1-06 volts 



E = 1.06 + 0,059 log 



[Fe^^] 



For no iron interference, Fe - 0.4 mg/1 - 7.16 x 10 ^ M. Using a value of 
[Fe^^] of 10 ~ M in the above equation, we get: 

E = 1-414 - Oa77 (pH) 

« - 0.055 volts at a pH of 8.3 

since a highly oxidizing environment is present both in the reactor and 
in the digestion operation (certainly > -- 55 mv) , most of the iron will be 
precipitated and Fe^^ will exist at concentrations < 10 under these 
conditions. 

For ferric ion, 

Fe"^'^-^ Fe^^^ + e", E° = + .77 volts 

Thus [Fe^"^] will exceed [Fe^^] at E > + 770 mv» so if E - 770 mv and 

[Fe"^^] = LFe""^] = lO"^ M, 



.77 = 1.06 + .059 log 



[H*]' 



[Fe ] 
= 1.414 - 0.177 (pH) 

Solving, we find pH « 4.0. Since samples analyzed had pH values from 6.5 
to 8 3 [Fe^'*'^] cannot exceed 10~ M under these conditions. We conclude 
then that Iron will be present as Fe or as a precipitate. The Fe 
concentrations are low enough that there will be no interference. 

Recommendation 

In future work of this kind, samples received should be at least 
10 ml in volume, and preferably 25 ml, to avoid excessive dilution. 
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APPENDIX III 



ANALYSES OF SLUDGES USED IN THIS STUDY 
TABLE OF SLUDGE DATA 



ON 
U3 



Sludge : 


1 (a) Sarnia 


(b) Newmarket (c) North Toronto 


(d) North Toronto 


Units: ppm 
Organic Nitrogen 


Total Filtered 

600 ,5 


Total Filtered 
322 82 


Total Filtered 


Total Filtered 
1 ,100 11 


1,300 8 


Total Kjeldahl Nitrogen 


1,500 900 


820 500 


1,500 209 


1,900 850 


Total Phosphorus 


300 f 


500 12 


770 115 


745 19 


Total Carbon 


27.000 


14,000 


15,300 


16,200 


Solids 


124,000 


175,000 


59,000 


80,000 


Volatile 


39,000 


130,000 


38,000 


37,000 


Chemical Treatment 


FeCl„ added to primary | 


Lime added to primary 


FeCl„ added to 


None 




clarifier: 15 ppm as 


clarifier - 200 mg Ca 


aeration tank - 






Fe . Polymer A- 23 


(OH) 2 per litre. 


3+ 
13 ppm as Fe 






added 0.4 ppm. 








Sludge 


(e) Drury Lane - 


(f) Elizabeth Gardens - 


(g) Drury Lane - 


(h) Elizabeth Gardens 




Primary 


Primary 


Waste Acti- 
vated Sludge 


Waste Activated 
Sludge 


Solids 


64,000 1 


40,000 


8,300 


6,200 



APPENDIX IV 

RECOMMENDATIONS FOR IMPROVED 
MEASUREMENTS 



APPENDIX IV 



RECOMMENDATIONS FOR IMPROVED MEASUREMENTS 

Because of the limited time available for experimental work, 
resulting from the late signing of the contract (giving 6 months instead 
of 12 in which to complete the work), a number of improved techniques and 
analyses could not be implemented. These are listed below. 

(1) Remove all traces of air at the time of filling by 

(a) flushing with N prior to heating 

(b) Diluting sludge with boiled distilled water. 

(2) Take larger samples (25 ml ) in order that dilution will not be 
necessary to make phosphate analysis. 

(3) Record volume and weight of solids of all samples, and of 
solution remaining after reaction. This information is necessary 
for material balances. 

(4) Iron concentrations in the supernatant should be measured. 
Atomic absorption is suitable. 

It would be useful as well to install baffles inside the auto- 
clave to increase transport of oxygen to the sludge liquid. 
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APPENDIX V 
RESULTS OF WET AIK OXIDATION 



APPENDIX V 



RESULTS OF WET AIR OXIDATION RUNS 

Legend : I 

(a) Sarnia - Primary - FeCl- treated 

(b) Newmarket - Primary - lime treated 

(c) North Toronto - Primary - FeCl^ treated 

(d) North Toronto - Primary - no FeCl^ treatment 

(e) Drury Lane - Primary 

(f) Elizabeth Gardens - Primary 

(g) Drury Lane - Activated 

(h) Elizabeth Gardens - Activated 

Samples: 

A - raw sludge at time of admission to reactor 

B - at '*zero"; at operating temperature at start of wet oxidation 

C - after 1 hour of wet oxidation at operating temperature 

D - after 2 hours of wet oxidation at operating temperature 

E - after 3 hours of wet oxidation at operating temperature 
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Run No. 



10 






(A) SARKXA - PRIMARY - FeC ^ TREATED 



Exptal 
Conditions 


Samples 


Organic 

Carbon 

ppm. 


Total 

Carbon 

ppm. 


Soluble 
Ortho 

Phosphates 
mfi/l as PO^ 


Total 

Phosphates 
In Filtrate 
ms/1 as PO, 


Wt \ P in 

Solid 

Residue 




A 


- 


- 




450°F 


B 


74,200 
42,000 


79,100 

42,700 


1.305 




0.89 


650 psi 0^ 


D 


32,200 


35,000 










E 


28,700 


30,800 


13.00 




2.00 



500°F 



700 psi 0^ 



i 55,300 

C 38,500 

D 26,600 

E 25,200 



60,900 

39,900 
27,300 
25,200 



10-80 



17.30 



1.47 











(B) 


NEWMARKET • 


• PRIMARY - 


LIME 


TREATED 






Run Ko, 


Exptal 
Conditions 




Samples 




Organic 

Carbon 

ppm. 


Total 

Carbon 

ppm. 




Soluble 
Ortho 
Phosphates 
tng/l as PO, 


Total 

Phosphates 
in Filtrate 
mg/l as PO, 


Wt % P in 

Solid 

Residue 


3 






J 




<i>' 


y«. 








450°F 




i 

i 




51,500 
29.000 


60,500 
39.500 




2.04 




1.01 




650 psi 


"2 


D 

4 




20,000 
14,000 


28,000 
22.000 




18.9 




1.50 



■;*«■■ 



11 



500°F 



700 psi 0^ 



36,000 



48.000 



c 


23,000 


31.500 


£t 


20,000 


26,000 


i 


13,500 


22,000 






Run No. 


Exptal 
Conditions 


Samples 


Organic 

Carbon 

ppm. 


Total 

Carbon 

ppm. 


J - — 

Soluble 
Ortho 
Phosphates 
mg/l as PO, 

0.20 


Total 

Phosphates 
in Filtrate 
mg/l as PO, 

3.25 


Wt 7„ P in 

Solid 

Residue 


13 




A.. 


30,000 


34,000 


3.48 




500''f 


$ 


25,000 


26,500 










700 psi 0^ 


C 


16,500 
11,500 


17,000 
13,000 


1.02 


3.50 


4.40 






B 


7,500 


7,500 


1.88 


11.30 


2.72 


22 




k 


25,000 


27,000 










500°F 


B 


23,500 


25,000 










700 psi 0^ 


C 
D 
E 


13 , 500 

10,500 

9.500 


15,500 

11,000 

9,500 








2 




A 


26,400 


35,200 






1.65 




550°F 


6 


24,000 


32,000 










700 psi 0^ 


C 
D 
1 


16,000 

11,600 

8,400 


21,600 
14,800 
12,400 









(D) NORTH TORONTO - PRIMARY 



1^ 



Run No. 


Exptal 
Conditions 


Samples 


Organic 

Carbon 

ppm. 


Total 

Carbon 

ppm. 


Soluble 
Ortho 
Phosphates 
mg/l as PO, 


Total 

Phosphates 
in Filtrate 
mg/1 as PO, 


Wt % in 

Solid 

Residue 


18 


450°C 

650 psi 0^ 


i 

B 
C 


26,600 
23,800 


28,700 
25,200 








i 


22,400 


23,100 












1 


21,000 


21,000 








7 




i 


20,300 


23,100 


27.04 




1.97 




500°C 


S 


18,200 


19,600 










700 psi 0^ 


c 


11,900 


11,900 












fi 


9,800 


11,200 


2.27 




5.19 






i 


9,100 


9,100 


1.68 




- 


21 




M 


17,500 


21,000 










500°C 


i 


15,000 


19,500 










700 psi 


c 

i 


11,500 

10,000 

9.5C0 


13,000 

10,000 

9,500 









(E) DRURY LANE - PRIMARY 



OS 



Run No. 


Exptal 
Condit ions 


Samples 


Organic 

Carbon 

ppm. 


Total 

Carbon 

ppm. 


Soluble 
Ortho 
Phosphates 
mg/l as PO, 


Total 

Phosphates 
in Filtrate 
rag /I as PO, 


Wt 1 in 

Solid 

Residue 


17 


500°F 


A 


:■-■ 


- 








B 


37.100 


39,900 


2.00 


5.40 


1.04 




700 psi 0^ 


C 


30,800 
25,200 


31,500 
27,300 












E 


21,700 


25,900 


0.30 


2.88 


4.58 


s 


550°F 


A 


- 


^ 












B 


42,000 


47,600 


1.67 




1.30 




750 psi 


C 


32,900 
31,500 


32,900 
32,200 












E 


30,800 


31,500 


10.00 







(F) ELIZABETH GARDENS - PRIMARY 



Run No. 



8 



14 






Exptal 
Conditions 


Samples 


Organic 

Carbon 

ppm. 




A 


28,000 


450°F 


B 


26,500 


650 psi 0^ 


C 


24,500 




D 


18,500 




E 


16,500 




A 


25,000 


500°F 


B 


15,000 


700 psi 0^ 


C 


9,000 




D 


8,000 




E 


7,500 



Total 

Carbon 

ppm. 



35,500 
31,000 
26,000 
19,000 
17,000 

29,500 

16,500 

10,000 

8,500 

8,000 



Soluble 
Ortho 

Phosphates 
mg/1 as PP . 



4.98 



1.80 
4.25 



Total 

Phosphates 
in Filtrate 
mg/1 as PC , 



7.92 



23.0 
10.6 



Wt % in 

Solid 

Residue 



7.28 



2.38 



3.04 
2.88 



(G) DRURY LANE - ACTIVATED 



Run No. 



Exptal Samples Organic 
Conditions Carbon 

ppm. 





A 


5,600 


450°F 


B 


5,400 


650 psi 0^ 


C 


5,000 




D 


4,500 




:l 


4,100 



Total 

Carbon 

ppm. 



7,600 
6,800 
6 , 000 
4,800 
4,400 



Soluble Total Wt % in 

Ortho Phosphates Solid 

Phosphates in Filtrate Residue 

mg/1 as PQ mfi/1 as PC 



Oft 



20 





h 


— 


■• 


500°F 


B 


6,000 


6,400 


700 psi Q 


C 


3.400 


3,700 




P 


1,400 


1,600 




E 


1,100 


1,200 



(H) ELIZABETH GARDENS - ACTIVATED 



Run No, 



Exptal 
Conditions 


Samples 


Organic 

Carbon 

ppm. 

4,700 


Total 

Carbon 

ppm. 


Soluble 
Ortho 
Phosphates 
mg/1 as PO, 

0.87 


Total 

Phosphates 
in Filtrate 
mg/1 as PC, 


Wt 7o in 

Solid 

Residue 


450°F 


A. 


4,900 




650 psi 0^ 


B 

G 


4,000 
3,300 


4,400 
3,300 










D 


3,000 


3,000 


1.06 








1 


2,600 


2,700 


4.34 




2.57 
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4 


3,700 


4,100 


500°F 


1 


3,100 


3,400 


700 psi 0„ 


C 


1,800 


1,900 




P 


1,600 


1,600 




1 


1,400 


1,500 
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